Background and Purpose-Silent brain infarcts (SBIs) have been recognized as common lesions in elderly subjects and their diagnosis relies on brain imaging. In this study, we aimed to evaluate the different MRI parameters and criteria used for their evaluation in the literature to better understand the variation across studies and related limitations. Method-Original MRI studies of SBI performed in human populations and reported in the English literature were reviewed. Analyses were restricted to population-based studies or studies in which at least 50 subjects with SBI were detected. The MRI parameters as well as the MRI criteria of SBI (size, signal characteristics, and criteria for differentiation of dilated Virchow-Robin spaces) were described and analyzed. Result-Magnetic field strength, slice thickness, and gap between slices greatly varied among the 45 articles included in this review. The MRI definition of SBI was inconsistent across studies. In half of them, SBI was defined as hypointense on T1 and hyperintense on T2-weighted images. Exclusion criteria for dilated Virchow-Robin spaces were used only in 7 studies. Conclusions-The variation in MRI characteristics and diagnostic criteria for SBI represent a major limitation for interpretation and comparison of data between studies. Efforts are needed to reach unified imaging criteria for SBI. (Stroke. 2011;42:1140-1145.)
T he term "silent brain infarcts (SBIs)" is widely used to describe cerebral infarcts seen on brain CT or MRI without any corresponding stroke episode. Although SBIs have been found to be highly prevalent and associated with adverse health outcomes, MRI reports of SBI appear limited and contradictory. A recent review described that the prevalence of SBI ranged from 8% to 28% in population-based studies. 1 We hypothesize that this large variation may be partly related to the lack of uniform MRI criterion for SBI. In this review, we analyze the MRI techniques and MRI diagnostic criteria used to detect SBI in the literature to better understand their variation across studies.
Methods

Search Strategy and Selection Criteria
Original articles from 1966 to December 2009 were first identified through searches with PubMed using the following terms: "silent brain infarction," "silent cerebral infarction," "subclinical brain infarction," "subclinical cerebral infarction," and "silent lacune." The searches were limited to original studies relating to human populations and written in English. The PubMed searches identified 490 articles. We focused on MRI studies in population-based samples or studies with at least 50 individuals with SBI. Postmortem studies, CT studies, case studies, letters, consensus opinions from conferences, and expert opinions or editorials were not included. We also excluded studies on specific diseases like chronic kidney disease, heart failure, sickle cell disease, congenital protein C deficiency, cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), carotid surgery, and stenting.
Data Analysis
Forty-five articles were selected according to the previously mentioned criteria. The MRI parameters (magnet strength, sequences, slice thickness, section gap, and in-plane resolution) as well as the MRI criteria of SBI (size, signal characteristics, and differential criteria of dilated Virchow-Robin spaces) were systematically reviewed and analyzed descriptively.
Results
Among the 45 articles selected, 22 (49%) were from 9 population-based studies and 23 (51%) were clinical series of healthy volunteers or patients with stroke or patients with vascular risk factors.
MRI Parameters
The information concerning the MRI technique, sequences, and imaging criteria used for diagnosis of SBI are detailed in the Table. The magnet strength ranged from 0.02 to 1.5 T. [2] [3] [4] [5] [6] [7] [8] [9] [10] The section thickness varied from 4 to 6 mm in 11 
MRI Criteria of SBI
Size
In most studies (7 of 9 of population-based studies 13, 19, 20 and 20 of 23 of other studies 2, 3, 12, 19 ) only lesions Ն3 mm in diameter were considered as potential SBI. However, in the Cardiovascular Health Study (CHS) as well as in the Atherosclerosis Risk in Communities (ARIC) study, all "infarctionlike lesions" were recorded as SBI regardless of their diameter. In these 2 studies, Ͼ80% of SBIs were of diameter Ն3 mm. In the CHS, the frequency of SBI Ն3 mm overall was 28% and small infarct-like lesions (Ͻ3 mm) were detected in 196 (5.4%) participants. Of note, in the ARIC study, both the inter-and intraobserver agreement were found to be lower for detection of lesions Ͻ3 mm (64% and 75%; , 0.25 and 0.54) than for lesions Ͼ3 mm (79% and 82%; , 0.52 and 0.78). 4, 11 Lesions of diameter Ͼ15 mm were excluded from analysis of SBI only in some studies. 20, 22, 26, 27 Conversely, in the CHS, one sixth of participants had SBIs Ͼ15 mm in diameter. 11 Similar results were reported in the ARIC study showing that 18.9% of patients had SBIs Ͼ15 mm and 9.6% SBIs Ͼ25 mm. 4 
MR Signal Characteristics
The MRI sequences applied in the different studies are listed in the Table. The MR signal considered for identification of SBI lesions largely varied across studies. Three types of major criteria were applied: (1) SBIs were defined as "hypointense lesions on T1-weighted images (WI) and hyperintense on T2-WI with no more details in one third (3 of 9) of population-based studies 13, 19, 20 and in 52.2% (12 of 23) of other studies; (2) SBIs were defined as hyperintense on T2-WI and iso-or hypointense on T1-WI in the gray matter and as strongly hypointense on T1-WI with cerebrospinal fluid-like signal aspect in the white matter (distinct from leukoaraiosis) in 3 population-based studies 3,4,11 ; and (3) only lesions with cerebrospinal fluid (CSF)-like signal intensity were considered as SBI in the Framingham Offspring Study and Northern Manhattan Study. 2, 12 Differential Criteria of Dilated Virchow-Robin Spaces For lesions Ͼ3 mm, the differential diagnosis criteria of dilated Virchow-Robin spaces (dVRS) were clearly stated only in 12 studies. 3,6,8,12,14 -18,24,25,30 A location criterion (presence of dVRS along perforating or medullary arteries or in the lower third of the basal ganglia) was stated in 5 studies. The aspect of MR signal on fluid-attenuated inversion recovery images was considered in several studies as a distinctive criterion for separating dVRS from infarcts based on the absence or presence of a hyperintense rim around each suspected lesion. 6,8,14 -17,24,25,30 Proton density scans were rarely used. 34 
Discussion
The results of this review illustrate the large heterogeneity of MRI studies of SBI in the literature and emphasize 3 major sources of heterogeneity: (1) the different MRI parameters used to collect imaging data; (2) the variable diagnostic criteria used for identifying SBI on MRI; and (3) the different strategies applied in separating infarctions from dVRS.
The variations in MRI sequences and parameters of the different studies can obviously influence the detection of SBI. Although millimeter-level in-plane resolution was largely used, slice thickness appears widely variable among studies. Half of data were obtained using slices thicker than 6 mm, and 4 studies were performed with a gap of 0.5 to 2 mm between slices. A large slice thickness associated with a large interslice gap will automatically result in a lower detection of lesions, especially of small diameter, and therefore a lower prevalence of SBI. The impact of these technical differences is however difficult to assess. As an example, in 2 populationbased elderly samples, the prevalence of SBI was 15.6% in the Helsinki Aging Brain Study using a 0.02-T MRI and 10-mm section thickness and 10.7% in the Framingham Offspring Study using 1-T MRI and 4-mm section thickness. 2, 5 Therefore, large differences in image resolution do not necessarily result in large variation between previous reports, probably because there are other additional sources of variation that have to be considered.
Differences in imaging diagnostic criteria may be an important source of variation. For example, some studies defined SBI by the following rule: "hypointense lesions on T1-WI and hyperintense on T2-WI," whereas others referred to cavitated infarcts by taking only CSF-like signals into account. Lesions identified as SBI in the former studies would be regarded as leukoaraiosis in the latter (Figure) . Such differences may partially account for the discrepancies in various studies. In pathological studies, white matter hyper- intense foci on T2-weighted MRI were found to correspond to complete infarcts, incomplete infarcts, gliosis, areas of demyelination, dVRS, brain cysts, or even normal brain tissue. 35, 36 Therefore, studies with SBI simply defined as lesions that are "hyperintense on T2 and hypointense on T1" may overestimate the prevalence of infarcts. Conversely, counting only CSF-containing cavities may underestimate the prevalence of SBI because only complete cerebral infarcts replaced by fluid-filled cavities are regarded as SBI. 35, 37 Although neither of the 2 approaches is perfect, counting only CSF-containing cavities seems to be the most pragmatic option. Indeed, only chronic and cavitated ischemic lesions can be easily differentiated from the other types of MRI lesions 35 because they are isointense relative to CSF on all pulse sequences. 35, 38 The distinction of cavitated infarction from dilated perivascular spaces presents the most important diagnostic difficulty. In most previous reports, lesions Ͻ3 mm were not considered in the assessment of SBI because of the high risk of misdiagnosis with dVRS and also due to poor reader reproducibility. 11 However, although helpful, the threshold of 3 mm is arbitrary and dVRS Ͼ3 mm are not rare. Postmortem examination of 8 elderly subjects showed that 9 of 16 (56%) cavities responsible for T2 hyperintensities Ͼ7 mm 2 (corresponding to a diameter Ͼ3 mm) were actually large dVRS. 39 More recently, a prevalence of 33.2% of large dVRS (Ն3 mm) was reported in a population-based 3-dimensional MRI study of 1818 elderly subjects aged between 65 and 80 years. 40 These data show that the lack of discrimination between SBI and dVRS may result in a gross overestimation of the frequency of SBI. In this context, it is noteworthy that only half of previous studies mentioned a strategy for discriminating dVRS from SBI. Moreover, various and questionable methods were applied for this purpose. For example, the presence or absence of a hyperintense rim around CSFlike lesions on fluid-attenuated inversion recovery images 41 is not always helpful to discriminate small infarcts from dVRS, because astrocytic gliosis have been observed postmortem around large dVRS. 35, 42 The use of proton density sequences for separating infarcts from dVRS based on the CSF signal 3 could also be inefficient because both cavitated infarcts and dVRS are filled with fluid. 39, 43, 44 The imaging analysis of the shape of cavities was recently shown to be crucial in the discrimination of dVRS. 45, 46 However, shape analysis requires high-resolution MRI and 3-dimensional image analyses, 46 which were not used in the previous studies on SBI.
This review includes all large studies of SBI, particularly all population-based studies of SBI thus far reported. We decided to exclude studies with samples Ͻ50 SBI subjects, which represents an arbitrary cutoff. However, after an initial review of all published studies, we determined that inclusion of these small-sample studies would not alter the overall conclusions of the present study. Finally, we also excluded studies performed in specific disease conditions. Therefore, the criticisms raised in the present review may not apply to studies performed in these disorders.
In conclusion, variations of MRI characteristics and diagnostic criteria may lead to great discrepancies in the definition of SBI and thus present major limitations for interpretation and comparison of studies on SBI. Efforts are needed to reach unified imaging criteria of SBI in the future.
